This paper investigates multicell multiuser downlink systems with simultaneous wireless information and power transfer. We study the energy efficient transmission design for maximizing the system energy efficiency of data transmission (bits/Joule delivered to the receivers) which is defined as the ratio of the weighted sum rate to the total power consumption. In particular, we focus on the energy efficient coordinated precoding for the downlink of multicell system using the power splitting technique where each receiver divides the received signal into two power streams for concurrent information decoding and energy harvesting. To solve the non-convex optimization problem under consideration, first, we transform the primal optimization problem in fractional form into a tractable parameterized subtractive form optimization problem. Then, the tractable problem is solved by applying the technique of the Lagrangian optimization technique and semidefinite relaxation. An efficient solution to the considered optimization problem is finally developed. Numerical results validate the effectiveness of the proposed algorithm and reveal that the proposed algorithm can achieve better energy efficiency performance than the traditional energy efficient transmission.
Introduction
With explosive growth of high-data-rate applications, rapidly increasing energy is consumed in wireless networks to guarantee quality of service. Driven by this observation, energy-efficient communications have attracted increasing attention in both industry and academia [1] . In [2] , the authors discussed the models of current energy consumption in base station (BS) devices. A survey of energy-efficient wireless communications can be found in [3] where several different energy efficiency metrics have been described, with 'bits per Joule' as the most popular one, which is defined as the system throughput achieved with unit-energy consumption. Later, [4] provided a general framework for obtaining the energyefficient power allocation strategy in fading channels.
*Correspondence: shiwenhe@seu.edu.cn School of Information Science and Engineering, Southeast University, Nanjing 210096, China Particularly, it was revealed that as the rate of the system is a concave function of the transmission power, a unique global maximum energy efficiency exists that can be achieved through an optimum power allocation strategy using fractional programming. The Pareto boundary of the achievable energy efficiency region of the K-links interference channels was characterized by maximizing the per-user energy efficiency which is defined as the achievable data rate at the user divided by the total power consumption of the transmitter [5] . Recently, the energy efficient coordinated beamforming optimization problem was investigated for multicell downlink systems [6] [7] [8] .
In addition, considering nakagami-m flat-fading channels with a delay-outage probability constraint, an energyefficient power allocation scheme was proposed in [9] .
It is worth noting that all algorithm obtained in the mentioned references only focus on the energy efficiency optimization without taking the energy harvesting into account. On the other hand, wireless power transfer technology, which enables the receivers to scavenge energy from propagating electromagnetic waves (EM) in radio frequency (RF), has recently gained much attention in both industry and academia [10] [11] [12] [13] [14] [15] [16] [17] . A unified study on simultaneous wireless information and power transfer (SWIPT) was presented for multiple-input multiple-output (MIMO) wireless broadcast system [10] . A SWIPT algorithm was developed for multiuser multiple input single ouptut (MISO) broadcast systems in which each of which implements information decoding (ID) or energy harvesting (EH) [11] . The authors in [12] proposed a dynamic power splitting (DPS) scheme to achieve SWIPT. Recently, the power minimization problem for simultaneous wireless information and power transfer was addressed for MISO downlink transmission systems [13, 14] . In addition, resource allocation strategies were also investigated for a point-to-point wireless communications system with hybrid energy sources consisting of an energy harvester and a conventional energy source [15] . More recently, the resource allocation problem was solved for a point-to-point single user system with power splitting receiver in ergodic fading channels [16] . In addition, a resource allocation scheme for maximizing the energy efficiency of data transmission was developed for single input single output (SISO) frequency division multiple access (OFDMA) system with simultaneous wireless information and power transfer [17] . Whereas, it was solved based on the assumption of high signal to interference ratio and ignoring the interuser interference. It is worth mentioning that most of the work in the literature focuses on the power minimization problem with simultaneous wireless information and power transfer or the energy efficiency optimization problem for single cell SISO OFDMA communication systems. There are few work investigating the transmission design for the more complex multi-antenna multicell system.
In this paper, we investigate coordinated beamforming design for simultaneous wireless information and power transfer in multicell multiuser MIMO (MU-MIMO) downlink systems. Particularly, we focus on maximizing the system energy efficiency of data transmission (bits/Joule delivered to the receivers), which is defined as the ratio of the weighted sum rate to the total power consumption, by splitting the received signal power into two parts for concurrent information decoding and EH. The considered optimization is nonconvex and hard to tackle; to solve it, we first transform the original objective function in fractional form into a parameterized subtractive form optimization problem [18, 19] . Then, we develop an iterative algorithm to reach its solution by alternating optimization. The convergence of the proposed algorithm is guaranteed by the monotonic boundary theorem [20] . Finally, numerical results validate the effectiveness of the proposed algorithm and show that the optimal energy efficiency and spectral efficiency can be achieved simultaneously in the low SNR region; while in the middle-high SNR region, the maximization of spectral efficiency usually cannot bring optimal energy efficiency at the same time and vice versa. Compared to the energy efficiency performance achieved by the traditional energy efficient transmission [6] [7] [8] , the proposed algorithm can achieve better energy efficiency performance.
The rest of this paper is organized as follows. The system model and problem formulation are described in Section 2. In Section 3, a useful transformation of objective function is given by using jointly the relation between the minimum mean square error and the fractional programming method. Then an energy efficient precoding method with energy harvesting is developed in Section 4. The simulation results are shown in Section 5 and conclusions are finally provided in Section 6.
The following notations are used throughout this paper. Bold lowercase and uppercase letters represent column vectors and matrices, respectively. |A| denotes the determinant of matrix A. The superscripts (·) H , and (·)
represent the conjugate transpose operator, and the matrix inverse, respectively. Tr (A) represents the trace of matrix A, and log (·) is the logarithm with base e. The probability density function (pdf ) of circular complex Gaussian random vector with mean μ and covariance matrix is denoted as CN (μ, ). E [·] and C are the statistical expectation and the complex number field, respectively.
System model and problem formulation
Consider a K-cell MU-MIMO downlink system where each cell includes one multiple antenna BS and a plurality of multiple antenna users. This paper focuses on a coordinated beamforming design under the assumption of perfect channel state information (CSI) knowledge at BS. We denote the kth user in cell-j as User-j, k and the BS in cell-m as BS-m. BS-j is equipped with M j transmit antennas and serves I j users in cell-j. User-j, k is equipped with N j,k antennas. The received signal of User-j, k is then expressed as,
where H m,j,k ∈ C N j,k ×M m denotes the flat fading channel matrix of coefficients between BS-m and User-j, k , including both the large scale fading and the small scale fading, W j,k ∈ C M j ×d j,k denotes the beamforming matrix for User-j, k , d j,k denotes the number of data streams for
denotes the information signal intended for User-j, k with pdf p x j,k =CN (0, I), and z j,k ∈ C N j,k ×1 denotes the additive white Gaussian noise (AWGN) with distribution CN 0, σ 2 j,k I . We assume that the signals for different users are independent from each other and the receiver noise. For notational convenience, let W j = W j,1 , · · · , W j,I j denote the multiuser precoder set of BS-j and let W = {W 1 , · · · , W K } denote the collection of all the precoders.
In this paper, we assume that each user applies power splitting to coordinate the process of information decoding and energy harvesting from the receive signal [10, 12] . In particular, as shown in Figure 1 , the received signal at each user is split to the information decoder and the energy harvester by a power spitter. Let ρ j,k ∈ (0, 1) denote the power splitting parameter for User-j, k , this means that 100ρ j,k % of the received power is used for data detection while the remaining amount is the input to the RF-EH circuity. As a result, the instantaneous rate r j,k of User-j, k can be calculated as where R j,k denotes the interference-plus-noise which includes the inter-user interference, the inter-cell interference and the AWGN, given by
where σ 2 s,j,k is the signal processing noise power at Userj, k that is because additional circuit noise is present due to phase offsets and non-linearities which is usually modeled as AWGN with zero mean and variance σ 2 s,j,k . In order to obtain a tradeoff between the sum rate and the total power consumption, we adopt a new energy efficiency optimization criterion defined as a
where P j is power constraint of BS-j. j,k is a constant which specifies the minimum required power transfer to User-j, k and j,k > 0, ∀j, k. In other words, in this paper, we consider a general case where all users have nozero harvested power target b . The weight j,k is used to represent the priority of User-j, k , giving a larger value to the user with a higher rate requirement. The term
tion for User-j, k . Specifically, P C T is the constant signal processing circuit power consumption in the transmitters, caused by the transmit filter, the mixer, the frequency synthesizer, and the digital-to-analog converter, which are independent of the actual transmitted power. P C R denotes the circuit power consumption in the receivers. p c j,k denotes the power dissipation in the power amplifier at transmitter for User-j, k which is defined as
where ϑ j ≥ 1 is a constant which accounts for the inefficiency of the power amplifier [17] . p E j,k denotes the energy harvested at User-j, k and is expressed as
where 0 < η j,k ≤ 1 is the energy harvesting efficiency of User-j, k . In addition, p E j,k can be interpreted as the user's ability of harvesting energy from signal, interference and noise powers.
It is easy to see that the coupling of optimization variables leads to that problem (4) is non-convex and is therefore difficult to solve directly, which is the main drawback for the beamforming algorithm design. Moreover, the sum-of-ratio form in the objective function (4) makes the problem more intractable. In the rest of this paper, we focus on finding solution to the optimization problems (4).
Transformation of the objective function
In this section, we reformulate firstly the original problem into a tractable form by transforming the objective function into an optimization problem based on the minimum mean square errors (MMSE) receiver. In what follows, we treat interference as noise and consider linear receive beamforming strategy so that the estimated signal is given by
where
Under the independence assumption of x j,k , z j,k , and z j,k , the MSE matrix E j,k can be calculated as
Compared with the traditional MMSE expression [21, 22] , the new MMSE expression given in (9) includes more factors, such as the power splitter factor ρ j,k and the signal processing noise item. Fixing all the transmit beamformers W and minimizing MSE lead to the well-known MMSE receiver:
where T j,k is the covariance matrix of the total received signal at User-j, k and is calculated by
Using this MMSE receiver, the corresponding MSE matrix is given by
According to the Woodbury matrix identity ( [23] , pp. 124, 3.8.3), we have
Combining (2) with (13) and applying the conclusion given in [21, 22] , problem (4) can be reformulated as follows
where U = {U 1 , · · · , U K } denotes the collection of all the linear equalizers and U j = U j,1 , · · · , U j,I j denotes the collection of all the linear equalizers in cell-j. = { 1 , · · · , K } denotes the collection of all the auxiliary variables and j = j,1 , · · · , j,I j denotes the collection of all the auxiliary variables in cell-j. Note that the equivalence relation implies that the weighted sum-rate can be replaced with a optimization form with some additional auxiliary variables, see (14) . The latter problem is in the space of (W , U, ) and is easier to handle since optimizing each variable while holding others fixed is convex and easy (e.g., closed form). In the following section, this property will be exploited to design an effective energy efficient transmission method with taking energy harvesting into account.
4 Energy-efficient optimization algorithm with energy harvesting
Algorithm design
It is easy to see that the function given by the numerator in the objective function (14) is concave in each of the optimization variables W , U, and , but the function given by the numerator in the objective function (14) is jointly non-concave with respect to variables W , U, and . In the sequel, we propose to use the block coordinate optimization method to solve (14) . In particular, we optimize the problem by sequentially fixing two of the three variables W , U, and updating the third. The results in ( [17] , Theorem 1) has revealed that there exists an equivalent optimization problem with an objective function in subtractive form for an optimization problem with an objective function in fractional form. It also means that we need to search a value of q such that the optimal value of the objective function of the following problem (15) is zero.
It is easily known that for fixed q, and W , the optimal solution of U opt j,k is given by (10) and the optimal solution of j,k is calculated as
In what follows, we focus on solving problem (15) with fixed q, U and which can be reformulated as
Then, the Lagrangian of problem (17) is given by
where κ and λ denote the Lagrange multipliers associated with the power constraints and the individual minimum required power transfer constraints. Thus, the dual problem for the primal problem (17) is given by
By plugging (5) and (9) into (18) and using the standard convex optimization techniques and the KKT conditions, the optimal solution of W to problem (17) is given by
where j is calculated as
In addition, the outer optimization of problem (19) can be achieved by using the gradient method which leads to the following Lagrange multiplier update equations:
where [x] + is defined as [x] + = max {0, x}, index μ ≥ 0 is the iteration index and ξ i (μ), i = 1, 2, are positive step size. Here, it should be pointed out that the initialization of the precoders W can be achieved by solving the following optimization problem.
It is easy to see that problem (24) can be further expressed in standard semidefined programming (SDP) form with linear matrix inequalities (see [24] Equation (1)) as formulation (25) .
To make problem (25) tractable, we first ignore the rank constraints and focus on problem (25) without rank constraints named as relaxed problem. The relaxed problem is convex and belongs to the class of SDP, as it is composed of cones of positive semdefinite matrices and linear matrix inequalities involving W . The numerical solution can be found by using SDP solvers. Suppose W * is the optimal solution to the relaxed problem, due to the relaxation, Rank W * j,k may not satisfy the corresponding rank constraint in general. To address the issues, the randomization technique is adopted here to solve the rank constraint problem. In the randomization technique, we eigendecompose W *
as the solution to problem (25) , where j,k is an M j × d j,k randomly generated matrix whose entries satisfy uniform or Gaussian distribution [25] . Then the initialization of W j,k can be obtained as
To summarize, one algorithm for solving problem (14) is described as Algorithm 1.
Algorithm 1 Energy efficient precoding transmission with energy harvesting
1: Set q = 0; 2: Initialize W (ν) with ν = 0, let h denote the objective value of (15) and let h (ν) = 0; 3: Update U and with (10), (14), and W (ν) , and obtain U (ν) and (ν) ; 4: Let ν = ν + 1, update W by solving problem (17) 
, and (ν−1) meets the following inequality
then stop the iteration, otherwise go to step 2.
Note that Algorithm 1 only aims to solve problem (4) with fixed power splitter factors ρ, we assume that all users have the same power splitter factors, namely, ρ j,k = ρ, ∀j, k. Let EE (ρ) denote the objective value of problem (4) with given ρ. It is easy to see that EE (1) denote the maximum energy efficiency value of problem (4) that only aims to maximize the system energy efficiency without taking the energy harvesting into account. Based on this results, we further develop Algorithm 2 as below to numerically search the optimal value of ρ. . Solve problem (4) with ρ mid , and obtain EE (ρ mid ). 3: If |ρ min − ρ max | ≤ ζ , where ζ is an arbitrary small positive number, then output the EE (ρ mid ) and the corresponding solution to problem (4) with ρ mid . If
Algorithm 2
, otherwise let ρ max = ρ pre , ρ min = ρ mid , then to step 2.
Algorithm analysis
In this subsection, we briefly analyze the convergence and the computational complexity of Algorithm 1.
Lemma 1.
The sequence generated by the step 3 to step 4 of Algorithm 1 guarantees to converge to a stationary point of problem (15) . Furthermore, the convergence of Algorithm 1 also can be guaranteed.
Proof. It is easily seen that the updates of step 3 to step 4 in Algorithm 1 all aim to increase the sum rate so that an increasing sequence is generated while the iteration running. Since the achievable SINR region under the transmit power constraint is bounded, the sum rate is also bounded. The convergence of Algorithm 1 is guaranteed by the monotonic convergence theorem [26, 27] . Note that the optimization problem (15) has a differentiable objective function and the transmit power constraints only work for variable W . It follows from the general optimization theory [26, 27] that steps 3 to 4 in Algorithm 1, which is a block coordinate ascent method applied to problem (15), converge to a stationary point of problem (15) . Based on these analyses, the convergence of Algorithm 1 can be guaranteed with the fractional theorem obtained in [18, 19] .
It is easily found that the computational complexity of Algorithm 1 mainly arise from the matrix inversion operation which is used to calculate the optimal linear equalizer given by (10), the optimal auxiliary variable obtained by (16) and the optimal beamformer based on (20) Id ≤ min (IN, M) . We count the floating point operations (flops) to indicate the complexity. A flop corresponds to a real floating-point operation. Therefore, a real addition, multiplication, or division is counted as one flop while a complex addition and multiplication have two flops and six flops, respectively. Similar to [28, 29] , the complexity of some basic matrix calculations are approximately counted as follows: Multiplication of two m×p and p × q complex matrices involves 8mpq flops; inversion of an m × m Hermite matrix involves 3 flops. Based on these references, the computation required for each active User-j, k is as follows:
• Inversion of j needs about
flops. Therefore, the update of the beamforming matrix W j,k needs about
We also note that matrix j can be calculated only once for all beamforming W j,k , ∀k.
• The calculation of T −1 j,k needs about • The calculation of j,k needs about Therefore, one execution of steps 3 to 4 in Algorithm 1 takes approximately
Numerical results
In this section, we numerically evaluate the performance of the proposed energy efficient transmission algorithm in multicell multiuser downlink systems. We consider a small cell communication systems with K = 3 coordinated BSs, and assume that all users have the same set of parameters, i.e.,
, and I j = I, ∀j, k. Moreover, we set P C T = 30 dBm, P C R = 20 dBm, η = 0.5, σ 2 = −70 dBm, σ 2 s = −50 dBm in all simulations [14, 17] . It is further assumed that the signal attenuation from BS to its served user is 8d dB corresponding to an identical distance ofd meters, where 6 ≤d ≤ 10 in unit of meters, i.e, its served user locates in the cooperation and energy harvesting region, as shown in Figure 2 . With this transmission distance, the line-of-sight (LOS) signal is dominant, and thus the Rician fading is used to model the channel [30] . Specially, H m,j,k is expressed as
where H NLOS m,j,k denotes the Rayleigh fading component with each element being a circularly symmetric complex Gaussian random variable with zero mean and covariance −8d m,j,k dB, K R is the Rician factor set to be 6 dB, and H LOS m,j,k ∈ C N×M is the LOS deterministic component and is given as c
where e jφ n,m are the elements of the fixed LOS matrix
, where ι is the spacing between successive antenna elements at BS, λ is the carrier wavelength, and n,m is derived from the angle of arrival/departure of the LOS component. For the sake of simplify, following [31] , φ n,m is set to be zero in all simulations, ∀n, m. In addition, a 12 dB effective antenna gain was also considered in our simulation.
For the sake of illustration, the performance curves of Algorithm 1 with fixed power splitting factor ρ = 0.8 and Algorithm 1 with optimized power splitting factor ρ are labeled as 'proposed algorithm I' and 'proposed algorithm II' in our simulation figures, respectively. For baseline I, we maximize the weighted sum rate (bit/s/Hz) with respect to W subject to per-BS power constraint, instead of the energy efficiency. On the other hand, baseline II maximizes the weighted energy efficiency of the system with respect to W and without taking into account the minimum energy harvesting constraint in the optimization problem. The average energy efficiency of the system is computed according to (4) and averaged over 1,000 independent random realizations of multipath fading and path loss attenuation. Figure 3 shows the average system energy efficiency versus the maximum transmit power allowance for different algorithms. It can be seen that the average system energy efficiency of our proposed algorithms and baseline II is a monotonically non-decreasing function of the maximum transmit power constraint P. In particular, the energy efficiency first quickly increases with an increasing P and then saturates when P > 20 dBm due to the fact that a balance between the system energy efficiency and the power consumption of the system is obtained. In the lower transmit power constraint region, such as 5 < P < 15 dBm, all algorithms achieve the same performance in terms of the system energy efficiency criterion. It is also observed that in the low transmit power regime, the system with power splitting receivers achieves a small performance gain compared to the system without energy harvesting receivers since the received power of the desired signal at the receivers may not be sufficiently large for simultaneous information decoding and energy harvesting. However in the high transmit power region, proposed algorithm II outperforms the proposed algorithm I due to the fact that the former is designed based on the optimization of the power splitting factor. Compared to baseline II, about a 6% gain in terms of energy efficiency can be achieved by algorithm II. In addition, baseline I which aims to maximize the weighted sum rate with respect to the beamformers W achieves a very low energy efficiency due to the fact that the gain of system sum rate cannot compensate the consumption of the transmit power. From the comparison in terms of system capacity as illustrated in Figure 4 , some opposite conclusions are obtained. Figure 5 shows the average system energy efficiency versus the maximum transmit power allowance for proposed algorithm II with different minimum required power transfer. Numerical results reveal that the system energy efficiency does not necessarily increase with an increasing minimum required power transfer. Combining with numerical results observed in Figure 3 , it is easy to know that there is an optimal value of minimum required power transfer in the considered systems which can be optimized that would be studied in our future works. It is worth noting that the joint optimization of the power splitting factors and the minimum required power transfer also has important affection of the performance of system energy efficiency. Figure 6 illustrates the average system energy efficiency versus the transmit antenna for proposed algorithm II with a fixed ratio of M : I. It can be seen that the system energy efficiency increases with an increasing number of transmit antennas. It also means that the system energy efficiency can be benefited from the user diversity of multiple users. It is interesting to note that these observations are similar to the results obtained in [32] , i.e., multiplexing to many users rather than beamforming to a single user and increasing the number of service antennas can simultaneously benefit both the spectral efficiency and the energy efficiency. However, when the number of the transmit antennas is greater than a certain value, i.e., the number of the served users is greater than certain value, the energy efficiency decreases with an increasing number of transmit antennas with a fixed ratio of M : I due to the fact that the fixed power consumption of the terminal also increases rapidly resulting in a lower energy efficiency. As shown in Figure 7 , the energy efficiency of the simulated two algorithms decreases with an increasing fixed receiver power consumption P C R .
Conclusions
In this paper, the transmit beamforming optimization problem was studied for simultaneous wireless information and power transfer in coordinated multicell multiuser downlink system. Particularly, we focused on the energy efficient precoding design by using the power splitting technique where each receiver divides the received signal into two power streams for concurrent information decoding and energy harvesting. An iterative algorithm to reach its solution was developed by suing the alternating optimization method. Numerical results validate the effectiveness of the proposed algorithm and show that the optimal energy efficiency and spectral efficiency can be achieved simultaneously in the low SNR region; while in the middle-high SNR region, the maximization of spectral efficiency usually cannot bring optimal energy efficiency at the same time and vice versa. Compared to the energy efficiency performance achieved by the traditional energy efficient transmission, the proposed algorithm can achieve better energy efficiency performance.
Endnotes
a Note that by imposing the power splitting factors ρ j,k = 1, ∀j, k, then problem (4) reduces to the traditional energy efficient transmission optimization problem. In our paper, the values of ρ, where ρ denote the collection of all ρ j,k , is first assumed to be fixed in order to obtain an effective solution to the energy efficient precoding problem. We then considered then the power splitting faction optimization for a special case where all users have the same ability to harvest energy. It should be pointed out that the considered problem formulation is also applicable to the case with time-switching receivers (or, under the given time instant, each receiver is either for energy harvesting or information decoding) by adjusting the power splitting factor of each user [11] . b We would like to point out that our developed energy efficient transmission algorithm with energy harvesting can also apply to the special case where the value of j,k is zero, ∀j, k.
c Note that for LOS component, we use the far-field uniform linear antenna array model [30] .
